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Abstract 
The skeletal muscles are one of the most important tissues in the body. They enable 
us to move, perform work, and interact with other people. One of the unique features of 
skeletal muscles is their plasticity. They are able to adapt to an increased work load by 
increasing their size (hypertrophy), or to become more resistant to fatigue by increasing their 
oxidative capacity. The processes that facilitate muscle hypertrophy are quite diverse, and 
are not yet fully understood. There is currently a need to examine these processes further so 
that we can develop effective measures both to promote increased hypertrophy, as well as 
prevent muscle atrophy. 
The focus of this research project was to develop an in vitro system for muscle 
hypertrophy that accurately models the physiologic processes that are observed in vivo. Cells 
were cyclically stretched, and stretch is a key modulator of the hypertrophy response in vivo. 
I performed a series of experiments to examine two events during the hypertrophy 
process. First, I examined the effect of cyclic stretch on p21 WAFt promoter activity in C2C12 
myotubes. Previous research has indicated that p21 WAFI expression is up-regulated during 
work-overload in vivo, and thus a candidate for a stretch responsive promoter. The second 
research aim was to examine the process of myogenesis within the in vitro model of skeletal 
muscle hypertrophy. Particular focus was paid to the expression of the myogenic regulatory 
factors (MRFs) and other cell cycle regulatory proteins. 
The results of these experiments indicate that the model system that was used 
accurately models the in vivo process of skeletal muscle hypertrophy. The ultimate goal of 
my research into the molecular mechanisms controlling hypertrophy was to construct the 
vii 
intracellular signaling cascades that transmit physical stimuli from the extracellular matrix 
into increased expression of stretch responsive genes. 
Chapter 1: General Introduction 
Introduction 
Skeletal muscles are one of the most important tissues in the body. They enable us to 
move, perform work, and interact with other people. One of the unique features of skeletal 
muscles is their plasticity. They are able to adapt to an increased work load by increasing 
their size (hypertrophy), or to become more resistant to fatigue by increasing their oxidative 
capacity. The processes that facilitate muscle hypertrophy are quite diverse, and are not yet 
fully understood. There is currently a need to examine these processes further so that we can 
develop effective measures both to promote increased hypertrophy, as well as prevent muscle 
atrophy. 
Over the coming decades there will be an increase in the elderly population in 
America. One of the primary reasons that the elderly are admitted to assisted living 
residences is that they can no longer perform the basic functions necessary for maintaining 
their well-being. Much of this loss of function can be attributed to a decrease in their muscle 
capacity. Effective countermeasures to muscle atrophy will enable the aged to maintain 
independent and vital lives longer by preventing or delaying the necessity for assisted living. 
There are additional areas that would benefit from hypertrophy as well. The development of 
efficient and cost-effective methods to increase muscle mass in meat animals would have 
positive benefits for producers and consumers. Increasing the efficiency of meat production 
while keeping costs down should increase profits for producers while keeping prices low for 
the consumer. 
2 
The focus of this research project has been to develop an in vitro model system to 
accurately model the processes of muscle hypertrophy that are seen in vivo. In vitro cell 
systems are ideal for looking at the molecular events that occur during work-overload. It is 
easy to conduct experiments that examine such processes as intracellular signaling, 
mechanotransduction, or cell physiology. Using this system, we should be able over time to 
piece together how a physical force, such as stretch, stimulates a signaling cascade of second 
messengers that ultimately results in the increased expression of stretch responsive genes. 
I performed a series of experiments to examine two events during the hypertrophy 
process. I first examined the effect of cyclic stretch on p21 WAFl promoter activity in C2C12 
myotubes. Previous research has indicated that p21 WAFI expression is up-regulated during 
work-overload in vivo (Carson et al., 2002; Adams et al., 1999), and thus a candidate for a 
stretch responsive gene. The aim of this research was to use a stretching regimen that would 
cause a significant increase in promoter activity, and then determine which transcription 
factors might be facilitating the increase. The ultimate goal was to take the potential 
activating transcription factors, couple these results with experiments to block the 
intracellular signaling pathways that these transcription factors are involved in, and 
ultimately reconstruct the intracellular signaling cascade that starts with a physical force and 
ultimately results in the increased transcription of stretch responsive genes. 
The second aim of this research was to examine the process of myogenesis within our 
in vitro model of skeletal muscle hypertrophy. Particular focus was paid to the expression of 
the myogenic regulatory factors and other cell cycle regulatory proteins. The changes in the 
expression of these molecules have been well characterized during myoblast terminal 
differentiation, although to date there are no published results indicating how cyclic stretch 
3 
influences the molecular events of myogenesis. We also examined the effect of stretch on 
the rate of myoblast proliferation and terminal differentiation. During the course of work-
overload a resident population of muscle stem cells referred to as satellite cells is activated to 
proliferate and fuse with the existing myofiber. There has been some debate as to the order 
of these events in vivo, and we sought to further examine this issue in vitro. 
4 
Literature Review 
The purpose of this literature review is to outline the physiologic events that are 
involved in skeletal muscle hypertrophy. Covered are a review of cell cycle regulation, the 
molecular mechanisms of myogenesis, a look at the physiological changes in muscle during 
hypertrophy, the role of satellite cells following muscle damage, and in vitro models that 
recapitulate events observed during in vivo work-overload. 
Cell Cycle Regulation 
The transition from Go to S is one of the most important and regulated steps in the 
cell cycle. There are three classes of molecules that regulate the transition from a quiescent 
to a replicative state (Figure 1). Cyclin dependent kinases (CDKs) partner with cyclins in 
complexes. Cyclin dependent kinases are activated upon cyclin binding, although the 
activity of these complexes can be inhibited through interaction with CDK inhibitors (CK.Is). 
Cyclin dependent kinases are necessary for cell cycle progression, while their repression is 
necessary for terminal differentiation. 
There are three important G 1 CD Ks: CDK4/CDK6 and CDK 2. Cyclin dependent 
kinases 4 and 6 bind with D-type cyclins, which were described by Matsushime et al. (1991). 
Cyclin D induction is growth factor dependent, and its mRNA and protein levels decrease 
sharply when growth factors are removed (Matsushime et al., 1991; 1992). D-type cyclins are 
synthesized during the G0-G1 transition, although they are not functionally active until mid-
Gl and their activity increases around the Gl-S boundary (Matsushime et al., 1994; 
Meyerson and Harlow, 1994). Cyclin dependent kinase 4 forms active complexes with D-
type cyclins, but not with cyclins A, B, or E (Kato et al., 1993). 
5 
Cyclin dependent kinase 2 binds to cyclin E during G 1 phase. It is necessary for 
Gl/S transition in mammalian cells (Tsai et al., 1993). In mammalian cells, cyclin E and 
CDK2 form complexes that are active during late Gl phase and early S, when cyclin Eis 
periodically expressed (Koff et al., 1992; Dulic et al., 1992). Cyclin dependent kinase 2 can 
also complex with cyclin A during S phase (Elledge et al., 1992; Rosenblatt et al., 1992). 
Cyclin dependent kinase 2 is involved indirectly in temporal gene expression during Gl/S via 
its interaction with cyclin A or cyclin E in complexes with p107/E2F (Lees et al., 1992). It is 
phosphorylated by CDK activating kinase (CAK), and this phosphorylation can be inhibited 
when p21 or p27 bind to CDK2/cyclin complexes (Aprelikova et al., 1995; Hitomi et al., 
1998). 
The function of CDK/cyclin complexes is to phosphorylate the retinoblastoma protein 
(Rb) and other similar proteins that suppress cell cycle progression. Retinoblastoma binds to 
several different transcription factors necessary to activate genes for DNA replication, most 
notably E2F/DP-1 dimers. Hypophosphorylated Rb can form complexes with E2F/DP-1 
during Gl, and this complex can prevent the expression of genes necessary for S-phase 
transition (Chellapan et al., 1991). Retinoblastoma phosphorylation releases these 
transcription factors. D-type cyclins bind directly to Rb, but cyclins E and A do not (Dowdy 
et al., 1993; Ewen et al., 1993). Cyclin dependent kinase 4 binds preferentially to the cyclin 
D/Rb complex (Kato et al., 1993). Retinoblastoma can be phosphorylated by CDK4/cyclin 
Dl, CDK2/Cyclin E, or CDK2/cyclin A on threonine residues, and this prevents its 
association with LXCXE motif proteins. Only CDK2/cyclin A was found to facilitate the 
dissociation of Rb from LXCXE complexes (Zarkowska et al., 1997). 
6 
The activities of the CDK/cyclin complexes are further regulated by cyclin dependent 
kinase inhibitors (CKis). These CKis inhibit the phosphorylation of the complexes by the 
CAK, and thus prevent the phosphorylation of Rb and the subsequent release of E2F-DP 
dimers. 
One of the most important proteins in regulating the progression of the cell cycle was 
discovered independently by a number of groups at the same time by several different 
methods. Xiong et al. (1992) observed a 21 kD protein that co-purified with D-type cyclins, 
their associated CDKs, and PCNA in quaternary complexes and called it p21. They 
performed an additional yeast two-hybrid screen for human proteins that interacted with 
CDK2 and found that p21 was one such protein (Xiong et al., 1993). In particular, they found 
that p21 inhibited the kinase activity of CDK2. p21 WAFl was first reported by El Diery et al. 
(1993) using a subtractive hybridization method. The gene was activated in wild-type but 
not p53 mutant human brain tumor cells. They mapped the gene to human chromosome 
6p21.2. p21 CIPl was reported by Harper et al. (1993). They isolated p21 by using a two-
hybrid system to find CDK-interacting-proteins (CIPs). They reported that p21 co-
immunoprecipitated with cyclin A, cyclin Dl, cyclin E, and CDK2. 
p21 WAFl inhibits cell cycle progression by binding with CDK/cyclin complexes and 
preventing their ability to phosphorylate Rb. In particular, p21 WAFl prevents cyclin A/CDK2 
activity, which is required for S-phase and subsequent cell cycle progression. p21 can also 
bind to PCNA and inhibit DNA replication by inactivating DNA polymerase (Waga et al., 
1994). 
E2
F/
D
P1
 
ac
tiv
e 
C
yc
lin
 E
l 
C
D
K
2 
R
b 
(h
yp
op
ho
sp
ho
ry
la
te
d)
 
1 
C
yc
lin
 D
l,D
2,
D
3/
 
C
D
K
 2
,4
,6
 
I 
p2
1 
R
b-
P 
G
ro
w
th
 
Fa
ct
or
s 
/ 
Fi
gu
re
 A
. 
Th
e 
tra
ns
iti
on
 fr
om
 a
 q
ui
es
ce
nt
 to
 p
ro
lif
er
at
iv
e 
st
at
e 
is
 a
 ti
gh
tly
 re
gu
la
te
d 
pr
oc
es
s. 
C
yc
lin
 d
ep
en
de
nt
 
ki
na
se
s 
an
d 
th
ei
r p
ar
tn
er
 cy
cl
in
s 
ph
os
ph
or
yl
at
e 
th
e 
re
tin
ob
la
st
om
a 
pr
ot
ei
n,
 a
nd
 s
ub
se
qu
en
tly
 g
en
es
 a
re
 a
ct
iv
at
ed
 th
at
 
ar
e 
ne
ce
ss
ar
y 
fo
r D
N
A
 re
pl
ic
at
io
n.
 T
he
 a
ct
iv
ity
 o
f c
yc
lin
/C
D
K
 c
om
pl
ex
es
 is
 n
eg
at
iv
el
y 
re
gu
la
te
d 
by
 C
D
K
 
in
hi
bi
to
rs
 s
uc
h 
as
 p
21
. p
21
 p
re
ve
nt
s t
he
 a
ct
iv
at
in
g 
ph
os
ph
or
yl
at
io
n 
of
 C
D
 K
s, 
an
d 
th
us
 R
b.
 P
ro
gr
es
si
on
 o
f t
he
 c
el
l 
cy
cl
e 
is 
th
us
 h
el
d 
in
 c
he
ck
 w
he
n 
p2
1 
is 
ac
tiv
e 
an
d 
R
b 
is
 h
yp
op
ho
sp
ho
ry
la
te
d.
 
8 
Molecular Mechanisms of Myogenesis 
The terminal differentiation of stem cells into muscle cells/fibers requires two 
separate but connected processes (Figure 2). The first process is the arrest of the cell cycle in 
Go. The second process involves the transcriptional activation of muscle specific genes, the 
most important of which are the myogenic regulatory factors. 
The discovery of MyoD, the first myogenic regulatory factor (MRF), by Lassar et al. 
(1987) opened the door to analyzing the mechanisms driving myogenesis at the molecular 
level. Using subtractive hybridization of myoblast versus fibroblast cDNA, they isolated 
clones that could convert cells from non-myogenic lineages to myogenic ones. They found 
that ectopic expression of MyoD in lOTl/2 fibroblasts facilitated their conversion to 
myoblasts. Subsequently, three other MRFs were isolated, so that the MRF family consists of 
four members: MyoD, Myf5 (Braun et al., 1989), myogenin (Wright et al., 1989), and MRF4 
(Rhodes and Konieczny, 1989). 
The four MRFs share two conserved domains. The first domain is a basic DNA-
binding region that is used for sequence specific DNA binding. The second is a helix-loop-
helix domain that is used for heterodimerization with E-family proteins (Murre et al., 1989; 
Lassar et al., 1989; Lassar et al., 1991). The heterodimers bind to a consensus sequence 
(CANNTG) referred to as an E-box that is often found in genes regulated by the MRFs, and 
this allows for muscle specific regulation of these genes (Weintraub et al., 1991; Gerber et 
al., 1997). 
The functional relationships of the different MRFs were established through a series 
of gene targeting experiments where null mutants for all of the separate MRFs were created 
in mice. Mice that lack MyoD develop normally, although they have increased expression of 
9 
Myf5 (Rudnicki et al., 1992). Myf5 deficient mice have normal skeletal muscle 
development, but there is an accompanying rib defect that results in perinatal death (Braun et 
al., 1992). In mice where myogenin is removed, myoblast formation occurs, but there is a 
severe decrease in myofiber formation that results in perinatal death (Hasty et al., 1993; 
Nabeshima et al., 1993). Disruption of MRF4 results in normal skeletal muscle 
development, although there is an upregulation of myogenin and accompanying rib defects 
(Zhang et al., 1995). Mice that are deficient for both MyoD and Myf5 die at birth because 
they fail to develop skeletal muscles or myoblasts (Rudnicki et al., 1993). Taken together, 
these results indicate that MyoD and Myf5 are necessary for myoblast determination, while 
myogenin and MRF4 are required for subsequent myoblast differentiation into myofibers. 
The induction of MyoD expression and subsequent myogenic determination is 
coupled with increased CDKI expression and a halt of the cell cycle. There is an increase in 
p21 WAFI expression and protein during myoblast terminal differentiation (Guo et al., 1995; 
Halevy et al., 1995), and MyoD can activate p21 WAFI expression by interacting with an E-box 
in its promoter region (Halevy et al., 1995). 
Parker et al. (1995) found that during mouse embryogenesis p21 WAFI and myogenin 
expression were co-localized in the muscle fibers of the myotome at 10 days post coitus. 
Mice that were null for both p21 WAFI and p57 failed to form mature myotubes because their 
myoblasts failed to exit the cell cycle (Zhang et al., 1998). A similar defect was found in 
mice that were null for myogenin, although this was due to a failure of the myoblasts to fully 
differentiate into myotubes. Based on these results it appears that p21 WAFI and myogenin 
induction occurs in parallel, where p21 WAFI is necessary for cell cycle exit and myogenin for 
myoblast terminal differentiation. 
10 
The hypophosphorylated form of Rb is required for terminal differentiation of 
myoblasts. In experiments where myoblasts were incubated with polyomavirus large T 
antigen, the ability of Rb to halt the cell cycle was blocked, as was terminal differentiation 
(Maione et al., 1994). Novitch et al. (1996) found that the skeletal muscles of Rb null mice 
were defective, and this was due to an inability of the myoblasts to terminally differentiate. 
Many of the myoblasts were stuck in the Sor G2 phase of the cell cycle. MyoD can interact 
directly with the hypophosphorylated form of Rb, and this process has been implicated for 
maintaining the terminally differentiated state of myotubes (Gu et al., 1993). Indeed, in Rb 
null muscle cells there is a breakdown in the irreversible arrest of the cell cycle (Schneider et 
al., 1994), and when p21/Rb were inactivated in C2C12 myotubes by adenovirus ElA 
protein, DNA replication was re-initiated (Mal et al., 2000). 
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Skeletal Muscle Hypertrophy 
The skeletal muscles of adult mammalian species are terminally differentiated, and 
yet are able to adapt to physical training, growth stimuli, and damage. It is well known that 
skeletal muscles can increase in size (hypertrophy) in response to functional overload. 
Skeletal muscle hypertrophy is defined as an increase in myofiber cross-sectional area and/or 
length. The primary function of skeletal muscles is to generate force that is used for work, 
and muscle hypertrophy is a response to an increased functional demand. 
In 1967, A.L. Goldberg reported that when the workload on the soleus and plantaris 
muscles was suddenly increased by tenetomy of the synergist gastrocnemius, there was an 
increase in muscle mass. Numerous other papers have subsequently confirmed these results 
using cutting of a synergist muscle's tendon (tenetomy) (Gutmann et al., 1970; Gutman et al., 
1971; James 1976; Lesch et al., 1968; Mackova and Hnik, 1972; Schiaffino et al., 1976; 
Seiden 1976; Tomanek et al., 1970; Tomanek, 1975) or the complete ablation of a synergist 
muscle (Adams et al., 1999; Armstrong et al., 1979; Baldwin et al., 1977; Baldwin et al., 
1982; Hubbard et al., 1975; Ianuzzo and Chen, 1979; Roy et al., 1982). During tenetomy 
induced overload there is a rapid transient increase in muscle mass (30-50%) for 4-7 days, 
followed by a slow decease in wet weight to slightly greater than control muscles (Lesch et 
al., 1968; Mackova and Hnik, 1972; Sola et al., 1973). Ablation induced overload causes an 
increase in muscle mass for 4-9 weeks of 80-100% or more, after which a steady state is 
reached (Adams et al., 1999; Baldwin et al., 1977; Ianuzzo and Chen, 1979; Timson et al., 
1985). Ablation caused an average 45% increase in mean fiber diameter (Ianuzzo et al 1976, 
Timson et al 1985), while there was a 4.2% increase 7 days after tenetomy (Seiden et al., 
13 
1976). The ablation model seems to lead to greater muscle hypertrophy than tenetomy, and 
this is possibly due to the re-attachment of the tenetomized tendon (Guttman et al., 1971). 
Interestingly, there are similar rates of hypertrophy in normal and hypophysectomized 
animals, which seems to indicate that pituitary and thyroid growth hormones are not 
important for muscle hypertrophy (Goldberg, 1967). It also appears that insulin is not 
necessary for hypertrophy, although it is required for postnatal growth, and that hypertrophy 
can occur in fasting animals (Goldberg, 1967; Goldberg, 1971). The amount of hypertrophy 
following overload is also equal in male and female animals (Mackova and Hnik, 1972; 
Timson et al., 1985). 
Muscle fiber length is increased during hypertrophy by adding new sarcomeres to the 
ends of existing myofibrils, and fiber diameter increases due to increased protein synthesis 
(Goldspink, 1964; Tabary et al., 1972; Williams and Goldspink, 1973). There is also an 
increase in total protein, DNA, and RNA during hypertrophy. These changes are brought 
about in a coordinate fashion, and the literature suggests that there are two stages of 
adaptation during hypertrophy: early (1-3 days) and later (Booth et al., 1998; Carson, 1997). 
At the onset of hypertrophy there is an increase in protein synthesis (Goldberg, 1969; 
Goldspink, 1977; Goldspink et al., 1991; Laurent et al., 1978; MacDougall et al., 1995; 
Noble et al., 1984; Wong and Booth, 1990), as well as amino acid transport (Arvil, 1967; 
Goldspink et al., 1995). There is also an increase in total RNA at the onset of hypertrophy, 
although much of this increase is in the ribosomal RNA pool and mRNA content doesn't go 
up until later (Goldspink et al., 1992; Goldspink et al., 1995; Gregory et al., 1990; Laurent et 
al., 1978; Wong and Booth, 1990). The increase in protein synthesis seen early during 
hypertrophy is due to an increase in RNA activity (g protein/ µg RNA) because there is an 
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increase in translation without a corresponding increase in mRNA (Gregory et al., 1990; 
Laurent et al., 1978; Wong and Booth, 1990). There also is an increase in the efficiency of 
translation because as protein synthesis goes up early in the overloaded rat EDL muscle there 
is a greater increase in RNA activity than total RNA (Goldspink et al., 1995; Wong and 
Booth, 1990). This means that the amount of protein being synthesized is increasing faster 
than the total amount of available RNA, so translational efficiency must be increasing as 
well. 
Overload causes a disruption of the structural components of the muscle. One of the 
most prominent features of this disruption is a breakdown in sarcomeric organization after 
the membrane that holds the myofibrils together has been damaged (Clarke et al., 1993; 
Hurme et al., 1991; Ogilvie et al., 1988). This breakdown allows excess calcium to enter the 
damaged area, and calcium-dependent proteases such as the calpains can be activated (Fox et 
al., 1985). There is also a release of growth factors such as fibroblast growth factor 2 (Clarke 
et al., 1993), which is a known stimulant for skeletal muscle repair following injury 
(Guthridge et al., 1992). Growth factors such FGF2 and insulin like growth factor 1 play a 
vital role in stimulating skeletal muscle hypertrophy (Adams and Haddad, 1996; Adams and 
McCue, 1998; Devol et al., 1990 Yamada et al., 1989). Maximal structural damage to the 
muscle following loading can occur after as little as a few minutes of overload (Van Der 
Meulen et al., 1991). 
Damage to the muscle fibers also elicits a rapid immune response. Infiltrating 
immune cells release chemoattractant molecules that initiate the process of muscle repair. 
The role of these immune cells follows three distinct steps (Robertson et al., 1993). Early 
invading leukocytes and monocytes recognize the site of injury and release chemoattractant 
15 
molecules for macrophages. These macrophages break down the damaged muscle fibers and 
release further chemoattractants for satellite cells. The last step is activation of satellite cells 
to proliferate and then fuse with the damaged fibers. 
There is a rapid influx of leukocytes and monocytes by 3 hours to the damaged area, 
as well as some infiltration by macrophages (Orimo et al., 1991). The activity of the 
leukocytes and monocytes is quite transient, and by 12 hours the major immune population at 
the site of damage are macrophages (Bintliff et al., 1960; Krippendorf et al., 1993; Orimo et 
al., 1991; Riley et al., 1992; Smith et al., 1989). There are two distinct sub-populations of 
macrophages that are found in damaged muscle. ED 1 + are circulating macrophages that 
migrate to areas of tissue damage (Heuff et al., 1993), while ED2+ macrophages reside in the 
tissue and are activated to proliferate following damage (Hines et al., 1993). One of the 
primary roles of macrophages is the breakdown of excess debris released following damage 
(Honda et al., 1990; Kippendorf et al., 1994; St. Pierre et al., 1994). Macrophages also 
release mitogenic factors that are responsible for satellite cell activation and proliferation 
(Robertson et al., 1993). Two possible mitogenic factors released by macrophages are basic 
fibroblast growth factor (bFGF) or platelet derived growth factor (PDGF) (Robertson et al., 
1993). Fibroblasts are also attracted to areas of muscle injury by PDGF, and these fibroblasts 
can degrade extracellular matrix proteins (Fukai et al., 1991; Seppa et al., 1982). The 
proteolytic activity of invading fibroblasts not only serves to break down damaged fibers, but 
it also attracts immune cells to the area of damage (Postlethwaite et al., 1976). 
The later stages of hypertrophy (> 3 days) are marked by an increase in mRNA, 
DNA, continued protein synthesis and breakdown, as well as shifts in fiber type. There is a 
steady increase in mRNA during the course of overload, and mRNA levels are the greatest at 
16 
3-5 days (Barnett et al., 1980; Goldberg, 1971; Laurent et al., 1978). The later increases in 
mRNA levels allow for greater translational capacity. There is also a significant increase in 
total muscle DNA, while the nuclear:cytoplasmic volume remains constant (Laurent and 
Sparrow, 1977; Laurent et al., 1978; Goldspink et al., 1995; Winchester and Gonyea, 1992). 
The increase in DNA is primarily due to the proliferation of satellite cells, and the fusion of 
these satellite cells with the existing myofibrils serves to balance nuclear functional capacity 
with an increasing cytoplasmic volume (Cheek et al., 1971). 
There is also an increase in protein catabolism during the later stages of hypertrophy 
(Goldspink et al., 1983; Ianuzzo et al., 1976; Laurent et al., 1978; Watt et al., 1982). The 
increase in protein degradation stems from the breakdown of damaged muscle fibers, as well 
as myosin isoform proteolysis. One of the interesting features of chronic work overload is 
the shift in the metabolic and functional capacity of the fibers that compose different 
muscles. Overload causes a shift towards a more oxidative capacity in both the rat soleus 
and plantaris muscles. There is an increase in the number of slow muscle fibers that contain 
slow MHC type I coupled with a decrease in the proportion of fast MHC types Ila and Ilb 
(Baldwin et al., 1982; Ianuzzo et al., 1976; Noble et al., 1983; Stone et al., 1996; Watt et al., 
1982). 
Skeletal muscle is a tissue that is very responsive to physical forces. Their function 
of muscle is to perform work, and the muscles are constantly adapting to the type of work 
that they are used for. Repetitive motions such as walking would lead to an increased 
glycolytic capacity of leg muscles, while lifting heavy objects would cause muscle 
hypertrophy. The strength of the force that the muscles are exposed to seems to determine 
which of these events will occur, however it looks like stretch-induced muscle damage is the 
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key mediator in stimulating hypertrophy. As described above, overloading a muscle leads to 
damage, and this sets into action the processes that are necessary for hypertrophy. 
One of the primary extracellular sensors are the integrins. These proteins form 
heterodimers consisting of an a and~ sub-unit (Clark and Brugge, 1995). The integrins span 
the cell membrane and transmit signals from the extracellular matrix to the intracellular 
space. Ligand binding causes integrin congregation, and subsequent signaling. It is thought 
that these molecules are primary mediators of transmitting a physical force into increased 
gene transcription (Carson and Wei, 2000). 
Skeletal Muscle Satellite Cells 
Skeletal muscle is a post-mitotic tissue, and yet during hypertrophy there is an 
increase is muscle DNA content. The cause of this increase is the proliferation of muscle 
stem cells referred to as satellite cells. Satellite cells were first described by Alexander 
Mauro (1961). He observed a small number of cells that rested between the sarcolemma and 
basal lamina of frog muscle fibers. Satellite cells reside in this position in a mitotically 
quiescent state until they receive an activating signal due to damage or stress (Schultz et al., 
1985). 
Mature skeletal muscle contains a finite number of satellite cells, and this number 
decreases with increasing age. Snow (1977) reported that the percentage of satellite cell 
nuclei in the soleus muscle of 8 month mice was 4%, while this number decreased to 2.4% 
by the time the animals had aged to 30 months. Looking at the decrease in the overall 
percentage of satellite nuclei might be misleading because satellite cells that are activated to 
proliferate and fuse with the myofiber would increase the overall number of fiber nuclei, 
18 
while the number of satellite cell nuclei might remain relatively constant. There is, however, 
an absolute decrease in the number of satellite cells with aging (Gibson and Schultz, 1983). 
Satellite cells are resident to all skeletal muscles, however there are differences in the 
overall number of satellite cells in different tissues. There are more satellite cells in muscles 
that are composed of predominantly oxidative slow-twitch fibers such as the soleus (Gibson 
and Schultz, 1982; Schmalbruch and Hellhamer, 1977). 
The role of satellite cells appears to be to add to the overall nuclear pool during 
postnatal growth, and satellite cells are necessary for overload induced hypertrophy 
(Rosenblatt and Parry, 1992). Moss and Leblond (1971) performed a classic experiment that 
confirmed that satellite cells were induced to proliferate and differentiate during myofiber 
growth. They injected [3H] thymidine into hypertrophying muscle and found mitotic division 
of satellite cell nuclei as well as labeled nuclei that had fused with the existing myofiber. 
They found that at 18 hours, 5% of labeled nuclei had fused with the myofiber, and this 
number increased to 50% at 48 hours and 65% at 72 hours. Following muscle damage, 
satellite cells are activated to proliferate within 24 hours in the rat (Grounds and McGeachie, 
1989; Schultz et al., 1985). 
Cheek et al (1971) proposed that each nuclei in a muscle fiber can maintain a finite 
transcriptional capacity for a given cytoplasmic volume, and as the cytoplasm increases 
during hypertrophy additional nuclei are required to maintain this nuclear:cytoplasmic ratio. 
This idea has subsequently been supported by numerous other researchers (Allen et al., 1995; 
McCall et al, 1998; Schiaffino et al., 1976; Snow, 1990; Winchester and Gonyea, 1992). 
There is a significant increase in transcriptional and translational demand during 
hypertrophy, and it is thought that the demand begins to outweigh the functional capacity of 
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the available nuclei. Satellite cells are then activated to proliferate and subsequently fuse 
with the existing myofiber, thus increasing its transcriptional and translational capacity. 
Recent experiments have further characterized the satellite cell population, and it 
appears that it is far more heterogeneous than once thought. Goodell et al. (1996) discovered 
a distinct population of stem cells in bone marrow using fluorescence activated cell sorting 
(FACS) that could exclude Hoechst 33324 dye and termed them side population (SP) cells. 
These SP cells were later isolated from mouse skeletal muscle, and they bear many of the 
characteristics of hematopoeitic stem cells. The multipotential capability of these cells was 
confirmed in experiments where mice were given a lethal dose of radiation that wiped out 
their bone marrow, but when given an injection of these SP cells their marrow and lymph 
systems were restored (Gussoni et al., 1999; Jackson et al., 1999). 
In Vitro Skeletal Muscle Hypertrophy 
In vivo experiments modeling skeletal muscle hypertrophy have been conducted for 
over 40 years, but this system has not proven ideal for conducting experiments that seek to 
determine the molecular events underlying the hypertrophy process. The development of in 
vitro hypertrophy models allows for rapid and efficient experiments for studying intracellular 
signaling cascades, phosphorylation changes, mechanotransduction, etc. 
Brevet et al. (1976) performed one of the first in vitro experiments. They subjected 
chick embryo myoblasts to electrical stimulation, and they found that the resulting 
contractions caused an increase in protein synthesis. In particular, they found that the 
greatest increase was in myosin heavy chain. Vandenburgh and Kauffman (1979) developed 
a system to statically stretch avian myotubes. They plated 12-day chick embryo myoblasts 
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on round elastic membranes that were connected to a perimeter frame. The frame could be 
expanded, and this expansion pulled the membranes so that the cells were statically stretched. 
They found that 18 hours of 10.8% stretch resulted in increased amino acid transport, as well 
as an 8.3% increase in total protein and a 14.7% increase in myosin heavy chain protein. In a 
similar experiment, they found that static stretch resulted in a transient decrease in protein 
degradation. The rate of protein degradation was lower in stretched cells at 8 hours, 
however, by 18 hours the rate of degradation was the same as that of the control 
(Vandenburgh and Kaufman, 1980). 
The initial experiments using static stretch of mytoubes yielded similar results to 
previous in vivo work, and the goal of in vitro cell culture systems is ultimately to accurately 
model the in vivo environment. One further refinement of the cell culture stretching system 
was to expose myotubes to repetitive stretch and relaxation, much as an intact muscle would 
experience. Vandenburgh et al. (1989) developed a computerized model for cyclically 
stretching cells. In this experiment avian myoblasts were cultured on flexible membranes as 
before and induced to differentiate. The cells were then stretched when a post below the well 
was raised that stretched the membrane. They found that there was an initial 22% decrease 
in total protein after 6 hours of 20% stretch/relaxation in mature myotubes, although after 
this time protein accumulation increased, and by 48 hours there was 24% more total protein 
in stretched cells than controls. Creatine kinase efflux from the cells also increased over the 
first 8 hours of stretch, and returned to control values after this. Creatine kinase is released 
from damaged myotubes, and these results show that the stretching regimen was sufficient to 
cause fiber damage. There was a 30% increase in protein synthesis by 24 hours, and these 
rates increased to 97% at 48 hours and 71 % at 96 hours over the control. Stretching resulted 
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in a 16% increase in mean myotube diameter. They also found that stretching cells in serum 
free media, which usually leads to rapid protein degradation, prevented a significant loss in 
total protein. Cyclic stretching also caused increased proliferation of myoblasts, and the 
subsequent fusion of these myoblasts lead to increased hyperplasia in stretched cultures. 
Cyclic stretch has also been shown to activate the proliferation of quiescent satellite cells 
(Tatsumi et al., 2001). These results indicate that the cells are experiencing damage in the 
first 8-10 hours of stretch, and after this time the process of repair and hypertrophy has been 
initiated. 
One of the important triggers for skeletal muscle hypertrophy is sarcolemma 
wounding. As described above, breakdowns in the sarcolemma result in the release of 
growth factors from the damaged fiber which then stimulate skeletal muscle growth (Clarke 
et al., 1993). Clarke et al. (1996) found that cyclic stretch of myotubes in culture resulted in 
sarcoplasmic wounding after just 10 minutes of stretch. They also observed that as the force 
of the stretch increased, wounding increased as well. Stretch caused a rapid efflux of FGF2, 
and there was a 9-fold greater release from cells that had been cyclically stretched versus 
statically stretched. 
Global Changes in Gene Expression 
Skeletal muscle hypertrophy is a complex event, and results in the differential 
expression of many genes. Traditionally, changes in gene expression have been measured 
one gene at a time. The advent of microarray technology has allowed changes in global gene 
expression to be analyzed. These experiments are particularly useful in assessing which cell 
functions might altered during work-overload. 
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In a recent study looking at global changes in gene expression following three days of 
work-overload, 125 genes were differentially regulated (Carson et al., 2002). These changes 
in gene expression correlate with physiologic adaptations that occur during overload. There 
were changes in the expression of genes that regulate cell proliferation, autocrine/paracrine 
signaling, extracellular matrix, immune response, intracellular signaling, metabolism, neural 
maintenance, protein synthesis and degradation, cell structure, and transcription. 
For example, overload resulted in a 52.3-fold increase in p21 expression, which had 
been observed in previous work-overload experiments (Adams et al., 1999). p21 is a known 
negative regulator of the cell cycle. There was also a 35.8-fold increase in GADD45 mRNA, 
and GADD45 has been shown to regulate the G2/M transition following cellular stress (Zhan 
et al., 1999). GADD45 also interacts directly with p21, and this complex is thought to 
prevent the initiation of DNA synthesis (Kearsey et al., 1995). The progression of the 
satellite cell cycle is inhibited during differentiation and fusion with the existing myofiber, 
and these increases in gene expression correlate with this process. 
There was also a large increase (16.4-fold) in IGF-1 mRNA. In a prev10us 
experiment where IGF-1 peptide was directly injected into the muscle, there was a significant 
increase in muscle mass (Adams and McCue, 1998). It has been well documented that 
growth factors such as IGF-1 play a critical role in stimulating muscle growth (Goldspink, 
1999), and the increase in gene expression found in this microarray study confirms that IGF-
1 expression is increased during compensatory hypertrophy. 
The expression of IL-6 increased following overload, as well as JAK2. Interleukin 6 
is known to activate gp130 signalling in mice, which lead to myocardial hypertrophy . The 
role of the JAK/STAT pathway in skeletal muscle has not been thoroughly examined, 
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although is becoming increasing apparent that it could play a vital role in muscle 
hypertrophy. Pan et al. (1999) found that the JAK/STAT pathway was activated in 
cardiomyocytes in response to mechanical stretch. 
These results indicate that micorarrays are a useful tool for examining global changes 
that are taking place in muscle during hypertrophy. The use of microarrays to examine these 
global changes in gene expression will enable us to better piece together the signaling 
cascades and physiologic processes that result in skeletal muscle hypertrophy. 
Conclusions 
Skeletal muscle hypertrophy is a complex process, and many of the events that 
facilitate this process have been described. Skeletal muscles are constantly adapting to the 
work load that is imposed on them. Repetitive exercises lead to an increase in the oxidative 
capacity of a muscle, while overloading causes muscle hypertrophy. Overloading causes 
fiber damage, which sets into motion the hypertrophy response. Hypertrophy is facilitated at 
the cellular level by increases in protein synthesis, transcription, amino acid transport, 
translational efficiency, and RNA activity. At the molecular level, there are increases in the 
expression of the members of the MRF family as satellite cells are activated to proliferate 
and differentiate. This is coupled with increases in cell cycle progression inhibitors such as 
p21 WAFI. The immune system also plays a key role in the repair of damaged muscle fibers 
caused by overload. Infiltrating macrophages break down damaged areas of the fiber, as well 
as stimulate the proliferation and differentiation of satellite cells with the myofiber. Satellite 
cells donate their nuclei to the growing myofiber because as transcriptional and translational 
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demand outweighs the capacity of the resident satellite cells, additional nuclei are needed to 
compensate for this demand. 
The process of hypertrophy has been replicated in vitro, and this has made it easier to 
study the molecular events that are necessary for hypertrophy. In particular, in vitro cell 
culture systems that model the effect of physical activity on muscle fibers allow us to 
recapitulate the intracellular signaling pathways that transmit a physical signal from the 
extracellular matrix into an increase in gene transcription. The ultimate goal in studying the 
process of hypertrophy is to develop effective treatments for muscle related diseases such as 
dystrophy or sarcopenia, as well as to increase the efficiency of producing muscle mass in 
meat animals. 
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Chapter 2: Cyclic stretch activates myoblast proliferation in vitro. 
A paper to be submitted to the American J oumal of Physiology-Cell Physiology 
Matthew K. Webster, James M. Reecy 
Abstract 
The ability of skeletal muscles to adapt to an imposed workload has been well 
characterized, while the molecular events underlying this process are not fully understood. 
Overloading a muscle causes rapid hypertrophy, and one of the key mediators of this growth 
is the proliferation and differentiation of satellite cells. While it is known that satellite cells 
proliferate and fuse existing myofibers, the time course over which this occurs is not clear. 
Cyclin dependent kinase inhibitors, such as p21 WAFl, play an important role in the activation 
and differentiation of satellite cells. These cell cycle regulators, in conjunction with 
members of the myogenic regulatory factor family, have been shown to induce the terminal 
differentiation of myoblasts. In previous studies, p21 WAFl expression was dramatically 
increased after as little as 12 hours of overload, as well as during terminal differentiation. We 
utilized an in vitro model of cell that uses cyclic stretch to induce myotube hypertrophy. 
Using this system, we examined the molecular changes that take place during skeletal muscle 
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hypertrophy. We also hypothesized that there was a stretch-responsive element within the 
p21 WAFl promoter because p21 WAFl rnRNA is increased quickly after overloading. We found 
that cyclic stretch caused an increase in myoblast proliferation after just 12 hours, and 
p21 WAFl promoter activity was repressed by 24 hours. Cyclic stretch did not change p21 WAFl 
promoter activity in differentiating myoblasts, however, there was an increase in myotubes 
that had been differentiated 48 hours prior to stretch. Stretch did not increase creatine kinase 
activity, which is a marker of terminal differentiation, until 48 hours of 
stretch/differentiation. Based on these results we conclude that cyclic stretch stimulates the 
proliferation of myoblasts and not their differentiation in vitro. 
Introduction 
The skeletal muscles of adult mammalian species are terminally differentiated, and 
yet are able to adapt to physical training, growth stimuli, and damage. The processes that 
facilitate these adaptations are diverse and have yet to fully be characterized. It has been 
well documented that satellite cells play an integral role during skeletal muscle growth and 
hypertrophy (Allen et al., 1996; Phelan et al., 1997; Rosenblatt et al. 1994; Schiaffino al., 
1976). Previous research has indicated that there is a close relationship between myofiber 
size and myonuclear number (Cheek et al., 1971; Snow, 1976; Allen et al. 1995; Allen et al. 
1996; McCall et al., 1998;). It has been proposed that each nuclei of a fiber can govern a 
finite cytoplasmic volume (Cheek et al., 1971). During skeletal muscle hypertrophy there is 
an increase in fiber size, and it appears that satellite cells are necessary for donating nuclei to 
the growing fiber to compensate for an increased nuclear demand. Satellite cells rest in a 
quiescent state between the basal lamina and sarcolema of muscle fibers until they receive an 
activating signal (Schultz et al., 1985). Satellite cells are activated to proliferate within the 
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first 24 hours of damage, and subsequently fuse with the existing myofiber (Moss and 
LeBlond, 1971; Grounds and McGeachie, 1989; Schultz et al., 1985). 
A number of experiments have examined the molecular events underlying the process 
of myoblast determination and differentiation. Based on in vitro cultures of myoblasts, it 
appears that two distinct processes occur during muscle development. The first step is the 
arrest of the cell cycle in G0, and the second is the activation of muscle specific genes. The 
progression of the cell cycle is tightly regulated by the activity of cyclin dependent kinases 
(CDKs) and their partner cyclins (Sherr, 1993; Sherr 1994). These proteins activate genes 
that are necessary for DNA replication and subsequent cell cycle progression. The activity of 
cyclin/CDK complexes is negatively regulated by cyclin dependent kinase inhibitors (CKis) 
(Sherr and Roberts, 1995; Sherr, 1994). Chief among these CKis is p21 WAFI. p21 WAFI has 
been implicated in the terminal differentiation of a number of cell types, including myogenic 
cells (Halevy et al., 1995; Guo et al., 1995,). The process of muscle determination is 
regulated by the members of the myogenic regulatory factor (MRF) family which include 
MyoD, Myf5, myogenin, and MRF4 (Perry and Rudnicki, 2000; Sabourin and Rudnicki, 
2000; Yun and Wold, 1996; Weintraub, 1993). The first MRF to be expressed in myoblasts 
is MyoD. MyoD and Myf5 are thought to confer a myogenic phenotype on myoblasts, while 
myogenin and MRF4 are indicators of terminal differentiation. 
The development of in vitro models for skeletal muscle hypertrophy has made it 
relatively easy to conduct experiments that examine the molecular events underlying the 
hypertrophy response. Cyclic or static stretching of cultured myotubes results in increased 
protein total synthesis, increased myosin heavy chain synthesis, decreased protein 
degradation, increased amino acid transport, and myofiber hypertrophy (Hatfaludy et al, 
39 
1989; Vandenburgh and Kauffman, 1979; Vandenburgh and Kauffman, 1980; Vandenburgh 
et al., 1989, Vandenburgh et al., 1990, Vandenburgh and Karlisch, 1989). 
Adams et al. (1999) examined the expression of the MRFs and cell cycle regulatory 
proteins during work-overload. They found that there was a significant increase in p21 WAFI 
and myogenin mRNA by 12 hours, while cyclin Dl mRNA was not elevated until 24 hours. 
They concluded that there was a population of satellite cells that rapidly fused with the 
existing myofibers following loading, and later there was an increase in satellite cell 
proliferation. Previous results have also shown that satellite cells were activated to 
proliferate within 24 hours of loading (Grounds and McGeachie, 1989; Schultz et al., 1985), 
although the peak in fusion did not occur until 72 hours (Moss and LeBlond, 1971). We 
sought to further examine whether there was an increase in fusion before proliferation during 
conditions of increased physical activity. We chose to use an in vitro system that had been 
shown to accurately model the physiological events that take place in vivo during overload. 
We hypothesized that the p21 WAFI promoter would respond to cyclic stretch because its 
expression is rapidly up-regulated during hypertrophy. We also examined the levels of 
p21 WAFI protein during stretching, as well as the expression of p21 WAFI, myogenin, and 
MyoD. 
Materials and Methods 
Cell Culture. C2C12 myoblasts (American Type Culture Collection) were grown in 
Dulbecco's Modified Eagle's Medium (DMEM, Invitrogen) containing 10% fetal bovine 
serum (FBS) for myoblast experiments (growth media) or DMEM with 2% horse serum 
(differentiation media) for myotube experiments, plus 1 % penicillin/streptomycin. C2C12 
myoblasts were plated at 1,500 cells/cm2 for myoblast experiments or 20,000 cells/cm2 for 
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myotube experiments. Cells were cultured on collagen type I coated Bioflex plates (Flexcell 
International) at 37°C in humid air containing 5% C02. Porcine satellite cells were isolated 
according to the protocol by Doumit and Merkel (1992). They were cultured in MEM 
containing 10% FBS, 1 % penicillin/streptomycin, and 0.3µg/ml fungizone. Cells were plated 
on Matrigel (B-D) coated Bioflex plates, and they were kept in a 37°C incubator with 5% 
C02. 
Cyclic Stretching Experiments. C2C12 myoblasts were transiently transfected 18 hours after 
plating with 500 ng of p21 WAFI promoter DNA (el-Deiry et al., 1995) using Fugene (3µ1/µg 
DNA) according to the manufacturers protocol. RSV-~-Gal (500 ng/well) was used as an 
internal control. C2C12 myoblasts were transfected for 24 hours in growth media without 
antibiotics, while porcine cells were transfected for 6 hours followed by fresh growth media. 
The following morning differentiation media was added for myotube experiments or growth 
media for myoblast experiments. The cells were then cyclically stretched for up to 48 hours 
as follows (Figure 1): cells received a 4 second 20% sine stretch, followed by ten seconds of 
rest. This stretch/rest step was repeated three times, after which cells were allowed to rest for 
30 minutes. Thus, cells received 3 stretches every 30 minutes. These steps were repeated in 
this order for the duration of stretching experiments. The stretching regimen was performed 
using a Flexcell-3000 machine. 
In a separate experiment C2Cl2 myoblasts were transfected and then allowed to 
differentiate for 48 hours, after which cells were stretched for up to 24 hours. Porcine 
satellite cells were isolated and grown to 60% confluence before transfection. They were 
then allowed to differentiate for 48 hours, followed by up to 24 hours of stretch. Cell lysates 
were collected using Reporter Lysis Buffer (Promega) for all experiments. Luciferase 
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activity was measured for each sample, as well as total protein using the Bradford Assay 
(BioRad) and ~-gal activity. 
Cell Proliferation Experiments. C2C12 myoblasts were stretched continually for 12 hours 
according to the following regimen: 4 second 20% sine stretch followed by 10 seconds of 
rest. Non-stretched cells served as a negative control. Cells were labeled for the final 5 
hours of the stretching regimen with BrdU and dCTP (10 µMimi). Following the stretching 
regimen the cells were washed with PBS between all steps. Cells were fixed for 10 minutes 
with 2% formaldehyde, followed by 15 minute incubation with 4N HCL to denature the 
DNA, and finally 4 minutes with 1 % IGEPAL detergent (Sigma). Cells were incubated 
overnight at 4°C with a primary antibody to BrdU (Developmental Studies Hybridoma Bank; 
Iowa City, Iowa) at a 1: 125 dilution in 1 ml/well of PBS/Tween/1 % BSA (blocking buffer). 
The following morning the cells were washed and then incubated 1 hour at room temperature 
with a FITC-conjugated secondary antibody (Sigma) at a 1:250 dilution in blocking buffer. 
Cells were then washed and incubated with Hoechst dye at room temperature for 5 minutes. 
The cells were then visualized on a Nikon fluorescent microscope with Hoechst staining 
indicating total nuclei and FITC fluorescence indicating nuclei that incorporated BrdU. 
Eleven fields were counted for each well, and cell proliferation was calculated as the number 
of FITC labeled nuclei divided by the total number of nuclei. One well indicates one unit of 
measurement, and 6 wells were measured for each treatment, while two separate trials were 
performed. 
Northern Blot Analysis. Total RNA was collected from differentiating C2Cl2 myoblasts that 
were cyclically stretched for up to 60 hours using Trizol reagent (Life Technologies) 
according to the manufacturer's protocol. Total RNA (lOµg) was size separated by 
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electrophoreseis through a 1 % agarose denaturing formaldehyde gel (Ambion), after which, 
the RNA was transferred to a nitrile membrane and cross-linked. The northern blots were 
analyzed using [32P] labeled anti-sense p21 WAFI, myogenin, cyclin D, and GAPDH 
riboprobes generated with a Strip-Ez kit (Ambion). MyoD expression was analyzed using a 
random primed DNA probe. All northern blots were scanned and quantified using 
ImageQuant software. Expression levels were adjusted relative to GAPDH for each lane. 
Western Blot Analysis. Differentiating C2C12 myoblasts were stretched for up to 72 hours. 
Total cellular protein was collected using lOmM sodium phosphate/2% SDS. Total protein 
(10 µg) was size separated by electrophoresis through 8% SDS-PAGE gels and then 
transferred to Westran nylon membranes. Membranes were blocked for 3 hours at 4°C with 
PBS-Tween plus 5% nonfat dry milk (blocking buffer), after which they were incubated 
overnight at 4°C with a p21 (C-19) antibody (Santa Cruz) at a 1:1000 dilution in blocking 
buffer. Membranes were then washed in PBS-Tween and incubated 1 hour at room 
temperature with a donkey-derived anti-mouse secondary antibody (1:5000) (Amersham). 
Antibody binding was detected using the ECL method (Amersham) according to the 
manufacturer's protocol. 
Creatine Kinase Activity. C2C12 myoblasts were plated at 15,000 cells/cm2 on Bioflex 
plates. Eighteen hours later differentiation media was added and cells were then cyclically 
stretched for up to 60 hours. Cell lysates were collected using .05M glycylglycine buffer, 
pH. 6.75. Lysates were then sonicated, after which creatine kinase activity was analyzed 
(Sigma). Creatine kinase activity was standardized to total protein content. 
Conditioned Media Experiments. C2C12 myoblasts were transfected as described above, and 
then differentiation media was added. lOTl/2 fibroblasts were plated at 5,000 cells/cm2 on 
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Bioflex plates at the same time that differentiation media was added to the C2C12 cultures. 
Stretching was commenced on the lOTl/2 cells 48 hours after the addition of differentiation 
media to the myoblast plates. The lOTl/2 plates received fresh differentiation media without 
insulin 12 hours prior to stretching. The lOTl/2 cells received a 20% static stretch for 1 
hour. Following the stretching regimen, the C2C12 plates were washed 3 times with 37°C 
PBS, and then the conditioned media from the lOTl/2 wells was added to the C2C12 
myotubes. Cell lysates were collected 12 hours later and processed as described above. 
Results 
Cyclic stretching results. C2C12 myoblasts or primary porcine myoblasts were transfected 
with a p21 WAFI promoter luciferase plasmid. C2C12 myoblasts, differentiating C2C12 
myoblasts, or differentiating porcine satellite cells were cyclically stretched (Figure 1) to 
investigate effect of stretch on p21 WAFI promoter activity. Previous in vivo experiments have 
shown that p21 WAFI expression is up-regulated during work-overload in skeletal muscle 
(Adams et al., 1999; Carson et al., 2002), and is a likely candidate for responding to physical 
activity. C2C12 myoblasts were differentiated into myotubes by 48 hours following the 
addition of differentiation media, and large myotubes were visible at 60 hours. Cells were 
stretched for up to 48 hours after the addition of differentiation media, or they were allowed 
to differentiate for 48 hours and subsequently stretched for up to 24 hours. Myoblast cultures 
were plated at lower densities to prevent their differentiation into myotubes during stretching. 
Cyclically stretching C2C12 myoblasts for 24 hours resulted in a significant decrease 
in p21 WAFI promoter activity (P< 0.0265) (Figure 2). There was no significant increase in 
p21 WAFI promoter activity due to stretch for any time point during the initial 48 hour 
stretching experiments in differentiating myotubes (Figure 3A). The decrease in p21 WAFI 
44 
promoter activity observed in myoblasts is expected because stretching causes a significant 
increase in myoblast proliferation, and p21 WAFI expression is depressed during proliferation. 
When cells were differentiated for 48 hours prior to stretching, stretching 
significantly increased p21 WAFI promoter activity (Figure 3B). There was no time*treatment 
interaction. Myotube formation appears to be greatest at 48 hours, and stretch may further 
promote the differentiation process at this time. As seen in Figure 4, there was no difference 
in p21 WAFI promoter activity after 12 or 24 hours of stretch in differentiated porcine satellite 
cells. This is possibly due to the fact that there are more myoblasts and fibroblasts present 
than in C2C12 cultures, and stretch would decrease promoter activity in these cells as they 
are activated to proliferate. 
Cell Proliferation Results. Satellite cells are activated during work-overload, and we sought 
to determine if there was an increase in the rate of proliferation due to cyclic stretch of 
C2C12 myoblasts. The myoblasts were stretched for 12 hours, and they were pulse labeled 
the last 5 hours with BrdU. Twelve hours of cyclic stretch increased the rate of cell 
proliferation (P< 0.0023) (Figure 5). These results are similar to those found in vivo where 
satellite cells are activated to proliferate early in the time course of overload. 
C2C12 Northern and Western analyses. Differentiating C2C12 myoblasts were stretched for 
up to 72 hours. In separate experiments, both total RNA and total protein were collected. We 
examined p21 WAFI, MyoD, and myogenin mRNA expression levels (Figure 6A), as well as 
p21 WAFI protein expression (Figure 6B) over this time course. p21 WAFI mRNA levels 
increased over the time course in both control and stretched cells, and this would be expected 
as the myoblasts are differentiating into myotubes. p21 WAFI mRNA peaked after 48 hours, 
and slightly decreased thereafter. Stretch slightly decreased p21 WAFI mRNA at 12 hours. 
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This can be explained by the proliferation of myoblasts that had failed to fuse with the 
myotubes. p21 WAFl protein levels also increased over the course of stretch as the cells 
differentiated, although there was no difference in p21 WAFl protein levels for any time 
between the two treatments. 
MyoD mRNA increased throughout the course of stretching, although there was no 
significant increase in expression due to stretch for any timepoint. Myogenin expression 
peaked at 48 hours, and decreased thereafter. There were no differences in expression for 
either treatment or time point. These results suggest that cyclic stretching does not lead to a 
rapid increase in differentiation. 
Creatine kinase activities. Cyclic stretching of C2C12 myoblasts caused increased 
proliferation, but we also sought to address the effect of stretch on differentiation. 
Differentiating C2C12 myoblasts were cyclically stretched for up to 60 hours, and creatine 
kinase activity was measured as a marker of terminal differentiation. Figure 7 shows that 
there was a significant increase in creatine kinase activity at 48 (P< 0.027) and 60 (P< 0.015) 
hours over non-stretched controls. 
Fibroblast Conditioned Media. One of the disadvantages of a cell culture model of 
hypertrophy is that it fails to account for the interactions of myoblasts with other cell types. 
Fibroblasts are known to release mitogenic growth factors such as basic fibroblast growth 
factor and platelet derived growth factor (Dimario and Strohman, 1988; Robertson et al., 
1993; Venkatasubramanian and Solursh, 1984). Booz et al. (1999) found that 
angiotensinogen mRNA increased 120% by 8 hours in cardiac myocytes following the 
addition of fibroblast conditioned media (FCM). There was also a 37% increase in protein 
synthesis after just 4 hours exposure to FCM. We chose to look at the effect of conditioned 
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fibroblast media on p21 WAFI promoter activity. C2Cl2 myotubes were incubated for 12 hours 
in conditioned media from fibroblasts that been statically stretched 20% for one hour. 
Fibroblast conditioned media from lOTl/2 cells did not cause any change in p21 WAFl 
promoter activity (Figure 8). 
Discussion 
Previous research has shown that satellite cells are activated to proliferate and then 
fuse with existing myofibers following work-overload, and this process is necessary for 
hypertrophy. There are, however, differences in the reported time frame in which 
proliferation and fusion occur. Satellite cells are activated to proliferate as early as 24 hours 
following overload (Moss and LeBlond, 1971; Grounds and Mcgeachie, 1989, Schultz et al., 
1985), although the maximal rate of fusion was not until 72 hours. Adams et al. (1999) 
performed an experiment where they sought to address the changes in MRF and cell cycle 
mRNA expression during overload. Based on their results, they proposed that early in the 
course of work-overload a population of satellite cells was induced to differentiate prior to 
proliferation. They reached this conclusion because there was a significant increase in 
p21 WAFl and myogenin expression after 12 hours of work-overload. Myogenin has 
traditionally been associated with terminal differentiation of myoblasts, while p21 WAFl is 
tightly involved in arresting the cell cycle. These two steps are the key events that are 
observed in vitro during myoblast terminal differentiation. We sought to further test these 
results using an in vitro cell culture system. 
We chose a cell culture system that allowed the cells to be cyclically stretched, and 
this system has previously been shown to accurately model the cellular events of work-
overload (Vandenburgh and Seymour, 1979, Vandenburgh et al., 1990). We hypothesized 
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that the p21 WAFI promoter would respond to cyclic stretch because p21 expression is greatly 
up-regulated during work-overload in vivo (Adams et al., 1999; Carson et al., 2002). We also 
sought to determine if cyclic stretch resulted in an increased rate of differentiation prior to 
myoblast proliferation. 
Previous research has shown that cyclic stretch activates the proliferation of cultured 
quiescent satellite cells (Tatsumi et al., 2001), and in response to proliferation there should be 
a decrease in p21 WAFI mRNA and protein because it is involved in negatively regulating the 
cell cycle. We observed that stretch activated the proliferation of C2C12 myoblasts after as 
little as 12 hours of stretch (Figure 5), and after 24 hours there was a significant decrease in 
p21 WAFI promoter activity (Figure 2). These results suggest that stretch does not promote the 
differentiation of myoblasts, however the cells were plated at a low density and did not have 
the opportunity to fuse with an existing myofiber. 
To address this possibility we stretched differentiating myoblasts that were at 
approximately 80-90% confluence at the start of the stretching regimen. There was not a 
significant increase in promoter activity due to stretch in differentiating myoblasts (Figure 
3A). In addition, there was no difference in p21 WAFI expression (Figure 6A). If stretch 
stimulated differentiation, there should be an increase in p21 WAFI promoter activity or 
expression as the cells exited the cell cycle. There was actually a decrease in p21 WAFI 
mRNA due to stretch at 12 hours, and this would fit the model that myoblasts are activated to 
proliferate prior and not differentiate. There was also no increase in myogenin or MyoD 
mRNA due to stretch. There was an increase in overall p21 WAFI, MyoD, and myogenin for 
both treatments over the course of the experiment as the cells differentiated, however. 
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In a separate set of experiments, we stretched C2C12 myotubes or primary porcine 
myotubes that had been allowed to differentiate 48 hours prior to stretch. Stretch caused a 
slight but significant increase in p21 WAF1promoter activity in the C2C12 myotubes (Figure 
3B). Only after the process of differentiation has been initiated does p21 WAFI expression 
increase. We also tested porcine satellite cells to confirm that the results from C2Cl2 
myoblasts, which are an immortalized cell line, could be replicated in a primary cell type. 
There was no increase in promoter activity after 24 hours of stretch (Figure 5), although these 
results could be confounded by a heterogeneous cell population. There are more fibroblasts 
and myoblasts in primary cell cultures than in C2C12 cultures, and the activation of these 
cells to proliferate during stretch would repress the p21 WAFI promoter in these cells types. 
In addition to looking at MRF or cell cycle markers, we looked at creatine kinase 
activity in stretched C2Cl2 myotubes. Creatine kinase activity is a marker of terminal 
differentiation. There was a significant increase in creatine kinase activity at 48 and 60 hours 
of stretch (Figure 7), and this correlates with the greatest expression of both p21 WAFI and 
myogenin mRNA. These results, combined with the myoblast results, suggest that stretched 
myoblasts are stimulated to proliferate first. Later, there is an increase creatine kinase 
activity, which could indicate increased differentiation of the stretched cells. 
One of the downfalls of this model is that it fails to account for the interaction of the 
myofiber with other cell types. It has been well documented that infiltrating immune cells 
and fibroblasts release growth factors and cytokines that stimulate the proliferation and 
subsequent fusion of satellite cells with the myofiber (Robertson et al., 1993). To address 
this issue we cultured C2C12 myotubes with conditioned media from stretched lOTl/2 
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fibroblasts. There was no effect on p21 WAFl promoter activity due to conditioned media 
(Figure 8). 
Cell culture systems are good for examining the molecular events that take place 
within the cell itself, however, muscle cells are extremely responsive to their external 
environment. The greatest drawback of the cell culture systems is that they fail to account 
for all of the interactions that occur in the muscle between the fibers and their surrounding 
environment. Stretching myotubes in vitro has been shown to cause muscle damage (Clarke 
et al., 1996) in the form of sarcomeric disruption, which is a key stimulant of hypertrophy in 
vivo. The stimulus in vivo, however, involves the recruitment of immune cells of various 
types that promote the healing of the area of damage as well as satellite cell activation 
(Robertson et al., 1993). Cell culture models only take into account the changes that are 
taking place in the muscle fiber itself. They also fail to account for the effects of circulating 
growth hormones, such as IGF-1 and insulin, that stimulate muscle hypertrophy. Cell culture 
systems do recapitulate many of the physiological processes seen during in vivo hypertrophy, 
though. There are increases in amino acid transport, protein synthesis, fiber hypertrophy, 
fiber damage, and satellite cell proliferation (Hatfaludy et al, 1989; Vandenburgh and 
Kauffman, 1979; Vandenburgh and Kauffman, 1980; Vandenburgh et al., 1989, 
Vandenburgh et al., 1990, Vandenburgh and Karlisch, 1989). These are all hallmark events 
that are seen during in vivo hypertrophy. 
Adams et al. observed a significant increase in p21 WAFl and myogenin expression 
after just 12 hours of increased loading. They proposed that these increases were an 
indication of the rapid differentiation of a population of satellite cells, which was later 
followed by an increase in satellite cell proliferation. Much of their evidence was drawn 
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from the large increase in p21 WAFI expression, which is an indicator of terminal 
differentiation. These results are confounded, though, because the RNA used for their 
northern blots was collected from the whole tissue, and not just the muscle fibers themselves. 
Increases in p21 WAFI expression have been observed in the differentiation of numerous other 
cell types, and in particular there is an increase in p21 WAFI expression in differentiating 
monocytes/macrophages. p21 WAFI mRNA is increased during monocyte-macrophage 
differentiation to arrest the cell cycle, and later to prevent apoptiosis in activated 
macrophages (Xaus et al., 2001; Xaus et al., 1999; Zhang et al., 1995). Monocytes and 
macrophages are the predominant immune cells that infiltrate injured muscle within 12 hours 
of damage (Krippendorf and Riley, 1993; Orimo et al., 1991). Thus, it is possible that the 
increase in p21 WAFI mRNA in overloaded muscle samples could be from macrophages, and 
not satellite cell differentiation. Indeed, we did not observe an increase in p21 WAFI mRNA 
due to stretch for any time point examined. Stretch also did not increase p21 WAFI promoter 
activity in differentiating C2C12 myotubes. These results suggest that the increase in 
p21 WAFI mRNA seen in vivo may not be the result of increased satellite cell differentiation, 
but the infiltration of differentiating macrophages. 
It has traditionally been proposed that it is the effect of growth hormones that 
stimulate the proliferation of satellite cells following overload. Our results would indicate 
that stretch itself is an important stimulant for satellite cell proliferation, as well as fusion 
with existing myofibers. We observed that there was a significant increase in C2C12 
myoblast proliferation after as little as 12 hours of stretch. 
Our cell culture model has enabled us to easily examine the molecular mechanisms 
that facilitate the hypertrophy of myotubes following cyclic stretch. The advantage of this 
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system is that it has previously been shown to accurately reproduce the physiological events 
that occur in vivo, as well as it allows to look at changes in the muscle fiber itself. While it is 
possible to look at changes in gene expression during work overload in vivo with northern 
blots, the changes are observed are for all cell types and not just skeletal muscle. We looked 
solely at the changes that took place in the fiber itself during hypertrophy. We found that 
stretch caused an early increase in cell proliferation as had previously been observed in vivo, 
as well as a decrease in p21 WAFI promoter activity in cyclically stretched myoblasts. Stretch 
did cause a slight increase in p21 WAFI promoter activity, although not until later time points 
after myotube formation was already evident. Stretch did not cause any changes in p21 WAFI 
promoter activity in differentiating C2C12 myoblasts or porcine satellite cells that had been 
differentiated for 48 hours. Based on these results we conclude that cyclic stretch stimulates 
the proliferation of myoblasts at early time points, and not their differentiation as Adams et 
al. had proposed. 
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Figure 1. This is a schematic of the stretching regimen that was used. Cells received 
three 4 second 20% sign stretches followed by 10 seconds of rest. Cells were allowed 
to rest 0.5 hour after the three stretches. Thus, cells received three stretches every 0.5 
hour for the duration of the stretching experiments. 
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Figure 2. C2C12 myoblasts were transiently transfected with a p21 WAFI 
promoter luciferase plasmid. They were then cyclically stretched for up to 24 
hours. Luciferase values were standardized to total protein and 13-gal activity. 
Stretching caused a significant decrease in promoter activity after 24 hours of 
stretch (p<.0262). 
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Figure 3. A. C2C12 myoblasts were grown to 80% confluence and then 
transiently transfected with a p21 WAFI luciferase reporter plasmid. 
Differentiation media was added the following morning and cells were 
cyclically stretched for up to 48 hours. There was no change in promoter 
activity for any timepoint or treatment. B. C2C12 myoblasts were plated and 
transfected as above, but they were allowed to differentiate for 48 hours prior 
to stretch. Stretch caused a significant increase in promoter activity as a main 
effect (p<.047). 
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Figure 4. Primary porcine satellite cells were isolated and plated on Matrigel 
(B-D) coated Bioflex plates. Cells were grown to 80% confluence and then 
transiently transfected with a p21 WAFl promoter luciferase plasmid. The day 
following transfection differentiation media was added and cells were allowed 
to differentiate for 48 hours. The cells were then stretched for up to 24 hours. 
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Figure 5. C2C12 myoblasts were cyclically stretched for 12 hours, and were pulse 
labeled with BrdU the last five hours. Bromodeoxyuridine incorporation was 
detected using a FITC-conjugated secondary antibody against an anti-BrdU 
primary, and total nuclei were detected by Hoechst staining. Cell proliferation 
was calculated by dividing the number of FITC-positive nuclei by the total nuclei. 
Stretching caused a significant increase in proliferation after just 12 hours of 
stretch (p<.0023). 
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Figure 6. A. Differentiating C2C12 myoblasts were cyclically stretched for up to 60 
hours. Total RNA was collected and used to create a northern blot. There was an 
increase in p21, MyoD, and myogenin expression over the time course as the cells 
differentiated, though stretch did not cause a significant increase in expression at any 
time point. B. Differentiating C2C12 myoblasts were cyclically stretched for up to 72 
hours. Total protein was collected and used to create a western blot. 
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Figure 7. Differentiating C2C12 myoblasts were cyclically stretched for up to 60 
hours. Cell lysates were collected with 0.05M glycylglycine buffer, and creatine 
kinase activity was calculated using a Sigma kit. Stretching caused a significant 
increase in CK activity at 48 (P<0.027) and 60 (P<0.015) hours. An increase in 
creatine kinase activity is indicative of differentiation, and it appears that 
stretching promotes increased differentiation at later time points over control. 
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Figure 8. C2C12 myoblasts were transfected with a p21 WAFl luciferase promoter 
plasmid, and then were differentiated for 48 hours. lOTl/2 fibroblasts were 
equilibrated for 12 hours in insulin-free differentiation media, and then were statically 
stretched 20% for one hour. The media from the wells was then transferred to the 
differentiated C2C12 myotubes. Cell lysates were collected 12 hours later. 
Conditioned fibroblast media did not have any effect on p21 promoter activity in 
C2C12 myotubes (P=0.9941). 
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Chapter 3: General Conclusions. 
Skeletal muscles are one of the most important organs in the body in that they enable 
us to do so much. They primary function of skeletal muscles is to perform work, and 
hypertrophy is a response to increased loading on the muscles. There is currently a need to 
find ways to promote hypertrophy while preventing atrophy. Two major areas where these 
aims would be beneficial are in preventing sarcopenia in the elderly and promoting increased 
muscle growth in meat animals. 
The focus of this research project has been to develop an in vitro system to accurately 
model the processes of muscle hypertrophy that are seen in vivo. In vitro cell systems are 
ideal for looking at the molecular events that occur during work-overload. It is easy to 
conduct experiments that examine such processes as intracellular signaling, 
mechanotransduction, or cell physiology. Using this system, we were able to recapitulate 
many of the cellular and molecular processes that occur during in vivo overload induced 
hypertrophy. 
I performed a series of experiments to examine two events during the hypertrophy 
process. I first examined the effect of cyclic stretch on p21 WAFI promoter activity in C2C12 
myotubes. Previous research has indicated that p21 WAFI expression is up-regulated during 
work-overload in vivo (Carson et al., 2002; Adams et al., 1999), and thus a candidate for a 
stretch responsive promoter. The second aim of this research was to examine the process of 
myogenesis within our in vitro model of skeletal muscle hypertrophy. Particular focus was 
paid to the expression of the myogenic regulatory factors and other cell cycle regulatory 
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proteins. The changes in the expression of these molecules has been well characterized 
during myoblast terminal differentiation, although to date there are no published results 
indicating how cyclic stretch influences the molecular events of myogenesis. We also 
examined the effect of stretch on the rate of myoblast proliferation and terminal 
differentiation. During the course of work-overload a resident population of muscle stem 
cells referred to as satellite cells is activated to proliferate and fuse with the existing 
myofiber. There has been some debate as to the order of these events in vivo, and we sought 
to further examine this issue in vitro. 
Cyclic stretching caused as significant increase in myoblast proliferation, while it 
depressed p21 WAFI promoter activity. There is an increase in satellite cell proliferation 
following overload in vivo. It has traditionally been thought that growth factors mediated the 
activation of satellite cell proliferation. Our results indicate that stretch itself can stimulate 
myoblast proliferation in vitro. 
It has been proposed that overload causes the differentiation of a pool of satellite cells 
prior to proliferation (Adams et al., 1999). We thus looked at the effect of stretch on p21 WAFI 
promoter activity in differentiating C2C12 myoblasts. Stretch did not cause a significant 
difference in promoter activity for any time examined. There was also no increase in 
p21 WAFI mRNA due to stretch in differentiating myoblasts. p21 WAFI expression did increase 
in both treatments over the course of the experiment, but this is due to the process of 
differentiation. These results indicate that the increase in p21 WAFI mRNA seen in vivo is not 
fiber autonomous. 
Stretch did cause a significant increase in promoter activity in C2C12 myotubes that 
had been differentiated 48 hours prior to stretch. This correlates with the time that creatine 
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kinase activity, which is a marker of differentiation, increased in differentiating myoblasts 
that were stretched. Based on these results it appears that early during stretch in vitro 
myoblast proliferation is increased, while later there is an increase in differentiation. 
The sum of these results indicates that the model system that was used accurately 
models the in vivo process of skeletal muscle hypertrophy. The ultimate goal of our research 
into the molecular mechanisms controlling hypertrophy is to construct the intracellular 
signaling cascades that transmit physical stimuli from the extracellular matrix into increased 
expression of stretch responsive genes. The future of aims of this work will be to use our 
model system to begin to reconstruct these signaling cascades. These results could ultimately 
then be used to create pharmacological treatments that would stimulate hypertrophy. 
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Appendix A 
Cell Proliferation Experiments 
Introduction: A series of experiments were undertaken to measure the proliferation of 
myoblasts during stretch. I chose to use a protocol where BrdU, a uridine analog, was 
incorporated into replicating DNA (Csete et al., 2001). A primary antibody was added that 
reacted with the incorporated BrdU. A FITC-conjugated secondary antibody was used to 
visualize primary antibody localization. 
Materials and Methods: C2C12 myoblasts were plated at 1,500 cells/cm2 on two collagen 
Type I coated Bioflex plates (12 wells) in 3 ml of growth media in the afternoon. Cells were 
maintained in a humid 37°C incubator with 5% C02• Eighteen hours later stretching was 
commenced and non-stretched cells served as a control. Myoblasts were continually 
stretched for 12 hours using the following program: 4 second 20% sine stretch followed by 
10 seconds of rest. Bromodeoxyuridine and dCTP were added (10 µM) to the media after 
seven hours of stretch and were allowed to incorporate for the last five hours of the stretching 
regimen. 
Following 12 hours of stretch, the media was removed from the wells. Cells were 
rinsed three times with room temperature {RT) PBS. The cells were fixed with fresh 2% 
formaldehyde (1 ml/well) for ten minutes at RT. The formaldehyde was then removed and 
cells were rinsed two times for 5 minutes with warm PBS at RT. The DNA of the cells was 
then denatured by adding 1 ml/well of 4N HCl for 15 minutes at RT. The DNA must be 
denatured so that the primary antibody can react with the incorporated BrdU. The HCl was 
removed and the cells were rinsed three times with warm PBS. The cells were 
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permeabalized for 4 minutes at RT by adding lml/well of 1 % IGEPAL detergent. Cells were 
rinsed once with PBS, followed by two additional rinses with PBS-T (PBS/ 0.1 % Tween-20). 
An anti-BrdU primary antibody was then added at a 1:125 dilution in PBS-T/1 % BSA (1 
ml/well). The plates were then sealed with parafilm and stored O/N at 4°C. 
The following morning the wells were washed with PBS-Tat RT with gentle rocking 
for 5, 10, and 15 minutes. The FITC conjugated secondary antibody (anti-mouse IgG Fab-
specific) was then added at a 1:250 dilution in 1 ml of PBS-T/1 % BSA. The secondary 
antibody was allowed to react for 1 hour with gentle rocking at RT. The secondary is light 
sensitive and must be added in the dark, as well as the plates must be covered with foil so 
that the cells are not exposed to direct light. Cells were washed for 5, 10, and 15 minutes 
with PBS-T and gentle rocking. Following these washes 1 ml of PBS-T was added with 
Hoechst dye and plates were rocked an additional 5 minutes. The cells were visualized on a 
Nikon fluorescent microscope. Hoechst staining indicating total nuclei. In contrast, FITC 
fluorescence indicates nuclei that have incorporated BrdU, and thus divided. Eleven fields 
were counted for each well in an "S" pattern. Cell proliferation for each well was calculated 
as the number of FITC labeled nuclei divided by the total number of nuclei. One well 
indicates one unit of measurement. 6 wells were measured for each treatment and two 
separate trials were performed. 
Results and Discussion: Previous in vivo and in vitro results have shown that satellite cells 
are activated to proliferate following physical stimulation of overload (Moss and LeBlond 
1971; Tatsumi et al., 2001). I conducted a series of experiments to determine if myoblast 
proliferation was increased in our in vitro work-overload model. C2C12 myoblasts were 
plated at a low density so that they could proliferate without growing to confluence. Cells 
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were cyclically stretched for 12 hours, and were pulse labeled the last 5 hours with BrdU. 
There was a 4-fold increase in proliferation due to stretch (p<0.0023) as illustrated in Figure 
4. Similar results have been found in previous in vitro experiments as well. Tatsumi et al. 
(2001) found that there was a 1.5-fold increase in the proliferation of quiescent satellite cells, 
while Miller et al. (2000) found that stretch caused a 1.36-fold increase in the proliferation of 
cultured embryonic heart cells. We found that stretch caused a greater increase in 
proliferation than these experiments, but this could be explained by the fact that C2Cl These 
results confirm that our model of hypertrophy is responding in the manner seen in vivo. 2 
myoblasts are an immortalized cell line, while these experiments used primary cells. 
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Appendix B 
Flexcell 3000 Operation Instructions 
Introduction: The Flexcell-3000 system is used for cyclically stretching cells cultured on 
special plates (Bioflex plates). The wells of these plates contain flexible membranes that the 
cells are cultured on. The system is used for modeling the native environment of cells that 
are exposed to mechanical stimulation. The system functions by drawing a vacuum under 
the wells that pulls the membranes over a loading post so that the cells on the membrane are 
stretched laterally with equal force. 
The system is comprised of four main components: vacuum pump, controller module, 
computer, and baseplate. Stretching regimens are created using the included software, which 
is then relayed to the controller. This module is connected to the vacuum pump and regulates 
the amount of negative pressure that it creates. The pump is connected directly to the 
baseplate by separate "in" and "out" lines. There is space in the baseplate for four 6-well 
Bioflex plates. There are four removable loading posts that are placed in grooves where the 
plates are inserted. It is possible to stretch 1-4 plates simultaneously on the same program. 
System Operating Methods: The first step in operating the system is to tum on the 
computer and controller. While the computer is booting up the baseplate and loading posts 
are prepared for stretching. The first step is to place all of the loading posts that are 
necessary on the baseplate. Make sure that the posts are flush with the bottom of the plate 
and not caught on the orange gaskets. Any posts that are not going to be used should be 
removed and a size 00 cork placed in the center opening. It is important to use a fresh cork 
each time and to take care not to break the cork. A dime sized spot of silicone lubricant 
should be applied to each post and spread evenly with emphasis on making sure that the 
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edges are lubricated as well. The membranes slide over the posts, and thus the lubricant must 
reach over the edge of the post. Once the plate is ready the Flexcell software can be loaded 
and the program of interest selected. The program to be used is selected and then it will be 
downloaded to the controller unit. The next step is to place the Bioflex plates on the 
baseplate. It is easiest to place one end of the plate down first and then evenly press the rest 
of the plate into the gasket. You must make sure that the plates are sitting flush in the gasket 
and that there are no gaps. The baseplate cover can then be placed over the plates and the 
whole apparatus placed in the incubator. The "In" and "Out" lines are then connected to the 
plate. Once this connection has been made the motor can be turned on. Make sure to check 
the level of the oil in the window on the side of the motor. The oil should be at least three-
quarters full at all times. 
When all of the connections have been made the stretching regimen can be 
commenced. It is extremely important to watch the first few minutes of the regimen. You 
should be careful to observe that the cells are indeed stretching by looking at the wells 
through the glass door of the incubator. You should also watch the plot of the regimen on the 
computer screen. The % stretch is indicated on the y-axis, and for most regimens it should 
reach 20%. If the plot does not indicate that the cells are receiving a 20% stretch the regimen 
should be paused. You must then remove the baseplate and make sure that the plates are 
indeed resting snug in their spaces. Any gaps around the plates will result in lost pressure, 
and a decreased stretch percentage. A regimen can be paused at any point, and this is 
necessary if multiple time points are to be collected. The baseplate should be removed from 
the incubator after disconnecting the air lines and any necessary plates can be removed. The 
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motor should be turned off at this time also while the program is paused. Make sure to tum 
the motor back on and resume the regimen after the timepoint has been collected. 
When an experiment has been finished the Bioflex plates should be disposed of 
properly. The loading posts should all be cleaned by wiping the silicone lubricant off with 
paper towels and all corks that were used should be removed. The baseplate should be 
drained over the sink and allowed to dry upside down on a flat surface if necessary. The 
loading posts are then placed back on the plate and it is stored for later use. 
